ABSTRACT: Solder pastes and isotropic conductive adhesives ͑ICAs͒ are widely used as an interconnect in the electronic industry. Paste printing process accounts for majority of the assembly defects in the electronic manufacturing industry. This study investigates the effect of shear rates on the viscosities of the pastes ͑solder pastes and ICAs͒ used for flip chip assembly. Empirical models such as the power law and the Cross model were used to quantify the viscosity over a range of shear rates for solder pastes and fit to the experimental data. The shear rate dependence viscosity of solder pastes could be used to study the flow behavior experienced by the pastes during the stencil printing process. From the results, viscosities of all three types of pastes were said to be dependence on shear rate. In a stencil printing process, as if the viscosity of the solder paste was too high, the paste might not wet the surface of the substrate and more energy was needed to force the paste penetrate the aperture. This study has revealed that the fitting of the Cross model is generally of better quality than the power law model because the qualitative behavior of the Cross model throughout the whole range of shear rates ͑0.001 s Ϫ1 to 100 s Ϫ1 ͒ is essentially the same as the experimental data.
Introduction
The electronic industry has seen a rapid growth in various sectors of the market, e.g., the computer, telecommunications, automotive, and consumer sectors. Some of the key drivers for this growth include the consumers demand for portability, flexibility, and better performance of the final product. As a result,
Overview of the Paste Printing Process
The paste printing process is paramount in producing high volume, low cost production; it does account for some 60 % of assembly defects ͓9͔, and it is estimates that up to 87 % of reflow soldering defects are caused by stencil printing defects ͓10͔. As can be seen in Fig. 1 , the key sub-processes in the solder paste printing process include the paste roll in front of the squeegee, the aperture filling, and aperture emptying stages. During the stencil printing, the paste develops a rolling action in front of the squeegee, filling the apertures in the stencil some distance ahead of the squeegee. The squeegee then shears off the paste in the apertures as it moves over the stencil. It is known that during the printing process, the squeegee generates hydrodynamic pressures in the paste roll that injects the paste into the apertures. Once the print stroke is completed, the board is separated mechanically from the stencil. The separation of stencil and printed circuit board ͑PCB͒ or substrate occurs after the squeegee move across the stencil, and the substrate is then separated mechanically from the stencil.
The paste printing process is known to be controlled by a number of process parameters, which can be divided into four groups ͓11͔: Printer, stencil, environmental, and paste parameters. Some of these parameters are fixed ͑e.g., stencil͒, while the paste properties such as viscosity are constantly changing during the print cycle. The key physical sub-processes include ͑i͒ paste pre-print treatment, ͑ii͒ squeegee deformation, ͑iii͒ paste roll ͓12͔, ͑iv͒ aperture filling ͓13͔, ͑v͒ aperture emptying ͓14,15͔, and ͑vi͒ past slump. These sub-processes are linked together by the properties of the pastes such as its flow history and its rheology. The pressure in the paste during and after aperture filling helps determine whether the paste will adhere onto the substrate, stencil, or squeegee after aperture emptying. [16] .
FIG. 1-Sub-processes in paste printing
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Viscosity
Viscosity is defined in Newton's law as the coefficient of shear stress versus shear rate
where: = viscosity, = shear stress, and ␥ = shear rate ͓17͔. Viscosity can also be defined as the internal friction of a liquid, caused by molecular attraction, which makes it resist a tendency to flow. Viscosity is one aspect of rheology and a very important issue for stencil printing process in electronic industry. A viscosity test is used to determine the flow characteristics of a solder paste. Solder pastes are thixotropic fluids. Thixotropic refers to the quality of certain materials that are paste or gel-like at rest but exhibit fluid behavior when stress applied ͓18͔. In other words, their viscosity changes with stress. When subjected to a constant rate of shear stress, viscosity of solder paste will decrease over time ͑shear-thinning behavior͒ ͓19͔. The viscosity of the solder paste decreases as the shear stress on the solder paste increases. Therefore, solder pastes are more fluid when dispensed with a squeegee ͑applied shear stress͒. But the paste remains thick when no stress is applied. When shear-thinned, solder pastes are capable of flowing into stencil apertures. When the shear stress is removed, the viscosity of solder paste increases, allowing the deposit to maintain its printed geometric shape. If a paste is overly viscous, it results in insufficient paste volume, resulting in open joints. However, low viscosity results in slumping and bridging. Hence, it is very important to understand the flow properties of solder paste in order to acquire an optimum stencil printing results ͓16͔.
Theoretical viscosity models such as the power law and the Cross model are required to fit the experimental data to determine the accuracy of the processing range and for which data can be obtained ͓5,20͔. In this paper, viscosities of different types of solder pastes are being studied over a range of shear rates.
Empirical Modelling of Solder Pastes
Power Law Model
The power law model is also known as Ostwald de Waele power law equation
where:
= shear stress, ␥ = shear rate, and K = consistency coefficient. K describes the overall range of viscosities across the region of the flow curve that is being modelled. If the power law region includes 1 s −1 shear rate, then K is the viscosity or stress at that point. The n value is the power law index. For a shear-thinning fluid, 0 Ͻ n Ͻ 1. The more shear thinning of a sample, the closer n is to zero ͓5,21,22͔. On defining the viscosity, as / ␥ = K␥ n−1
͑3͒
Shear stress-shear rate plots of many fluids become linear when plotted on double logarithmic coordinates, and the power law model describes the data of shear thinning and shear thickening fluids. Taking natural logarithms of both sides, the equation below is obtained
A plot of log against log ␥ shows this relationship to be linear. Nevertheless, a plot of experimental and predicted values of log and log ␥ is useful for observing trends in data and ability of the model to follow the experimental data. One reason that the power law model is useful is because of its ability over the shear rate range of 10 1 -10 4 s −1 that can be obtained with many commercial visco-metric measuring devices ͓5͔. The magnitudes of the consistency and the power law indexes of certain solder pastes depend on the specific shear rate range being used so that when comparing the properties of different solder pastes, an attempt should be made to determine them over a specific range of shear rates. One drawback of the power law model is that it does not describe the low shear and high shear rate constant-viscosity data of shear-thinning fluids ͓23͔.
Cross Model
Cross originally derived his equation for particulate suspensions in aqueous and non-aqueous media, which involved the formation and rupture of structural linkages between particles during flow ͓24͔. The Cross equation has been adapted to a form more appropriate to suspensions. A simple expression was assumed as an equation of state
in which the apparent viscosity, a , of a semisolid suspension is linearly related to its internal structure, , whose value is zero for the fully broken down condition as ␥ , the shear rate, becomes large and unity in the fully built up condition developed as ␥ approaches zero. Under these conditions, the value of the constant, c, is given by 0 − ϱ , where 0 is the asymptotic viscosity at low shear rates and ϱ is that at high shear rates. This indicates how the fluid behaves in very high shear processing conditions. It should be noted that in this simple model, the structural parameter is defined as ͑ − ϱ ͒ / ͑ 0 − ϱ ͒ and is therefore a linear function of viscosity . A generalised kinetic equation for structural change ͓25͔
where the first term on the right describes the rate of structural build up being proportional to the extent of un-built-up structure. The second term describes the rate of breakdown proportional to the degree to which structure is already built up and to the magnitude of the shear rate. Equilibrium is achieved at d / dt =0, leading to
which is the Cross steady-state equation ͓23,25͔. The zero shear viscosity, 0 , is a critical material property and can prove valuable in making assessments of suspension and emulsion stability. The parameter m is known as the rate constant. It is dimensionless and is a measure of the degree of dependence of viscosity on shear rate in the shear-thinning region. When m = 0, this indicates Newtonian behavior. While m Ͼ 0, this means the viscosity decreases with increasing shear rate, ␥ , which is the condition for shear-thinning behavior. The value of b / a is known as the consistency coefficient. The cross model describes well the shear dependence of fluids over a wide range of shear rates as shown in Fig. 2 ͓20͔.
Experimentation
Apparatus
All the flow curve test measurements were carried out with the Physica MCR 301 controlled stress rheometer. In order to avoid the formation of wall slip at the interface between the plate and conductive paste, a parallel plate geometry was chosen with a diameter of 25 mm. A gap height of 0.5 mm was used between the upper and lower plates, as shown in Fig. 1 . Prior to loading the sample onto the rheometer, the conductive paste was stirred for about 1-2 min to ensure that the paste structure is consistent with the particles being re-distributed into the paste. A sample was loaded on the Peltier plate, and the geometry plate was then lowered to the gap of 0.5 mm. The excess paste at the plate edges was carefully trimmed using a plastic spatula. Then the sample was allowed to rest for about 1 min in order to reach the equilibrium state before starting the test. All tests were conducted at 25°C with the temperature controlled by the Peltier-plate system. Each test was repeated for three times for stabilisation ͑with fresh samples used for each test͒.
Paste Materials
There are two main types of the paste materials used in the assembly flip chip devices, namely, ͑i͒ solder paste and ͑ii͒ ICAs.
Solder Paste
Solder paste is one of the most widely used interconnection materials in the surface mount technology assembly process. Solder paste is a homogenous and stable suspension of solder alloy particles suspended in a flux/vehicle system, as can be seen in Fig. 3͑a͒ . The flux/vehicle is a combination of solvents, thickeners, binders, and fluxing agents ͓13͔, as shown in Fig. 3͑b͒ . Solder pastes consists of three main constituents, namely, ͑a͒ Solder alloy particles which forms the base for the metallic bond, ͑b͒ The flux system which helps to promote the formation of the metallic bond by providing a good wetting condition and for cleaning the surfaces, and ͑c͒ The vehicle carrier system which facilitates the binding together of the solder powder particles and the flux system together, and for providing the desired rheological properties for processing and depositing the paste onto the PCB.
Isotropic Conductive Adhesives
The ICAs consist of 70-80 % metal fillers dispersed in an epoxy resin, as shown in Fig. 4 . During curing, the epoxy resin shrinks, which enables the metal fillers to come into contact, hence conducting electricity. 
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There are various types of metal fillers, e.g., silver, nickel, gold, copper, carbon, and metal-coated particles. The most commonly used metal filler is silver. Silver is preferred to other metal fillers because of its unique characteristic to conduct electricity even after it oxidises. When the adhesive is cured, the filler particles are uniformly distributed and form a network within the polymer structure. From these networks, electricity can pass through making the mixture electrically conductive and due to nature of the network, the current can flow in any direction. The ICAs generally consist of resin such as epoxy ͑most commonly͒, polyamides, silicones, and acrylic adhesives.
Material and Sample Preparations
Three different types of pastes were used in the study, and the details of the pastes ͑lead-free solder pastes are labeled as P1 and P2, while ICA sample is labeled as P3͒ are presented in Table 1 . The pastes ͑P1 and P2͒ contain metal particles, and P3 contains silver flakes of 88 wt %. In order to minimize separation and prolong shelf life, manufacturers prescribe specific storage conditions, for example, the ICA and pastes used in this study are stored in a fridge unit at Ϫ20 and −4°C, respectively. As it is important to carry out the experiments on the paste samples at room temperature, the procedure used in the study is to bring out the ICA and solder paste out of the fridge prior to the rheological tests and to allow these pastes to attain room temperature. All the rheological measurements are carried out at 25Ϯ 0.1°C.
Rheology Test
Viscosity Test-In the stencil printing process, the viscosity of the paste must be low enough for the squeegee to force the paste through the stencil apertures but high enough to recover to its required shape and not flow beyond its stenciled area. The viscosity test can be used to provide a quick indication of the viscosity of a solder pastes changes over a wide range of shear rates. The experimental parameters utilized for the viscosity test is outlined in Table 2 .
Thixotropy Test-Thixotropy test aims to simulate the structural breakdown and recovery of the solder paste and flux system. In the hysteresis loop test, the shear rate were increased from 0.001 to 100 s −1 and then decreased from 100 to 0.001 s −1 . This property maybe essential for understanding the rolling motion of the paste during the printing process as the squeegee pushes the paste back and forth. In this test, the pastes are subjected to low and high shear rates over a period of time, and the recovery of the paste as a function of the viscosity is noted after the removal of high shear rate. 
FIG. 4-ICAs microstructure.
Results and Discussion
Viscosity Figure 5 shows the plots for viscosity against the shear rate for all three paste samples. As expected, as the shear rate is increased, all the pastes showed a decrease in the viscosity. The drop in viscosity clearly indicates that the pastes are shear thinning in nature and the structure of the pastes was undergoing changes
FIG. 5-Flow curve of pastes: (a) lead-free solder paste, P1; (b) lead-free solder paste, P2; and (c) ICA paste, P3.
due to destruction of flocculation in the suspensions ͓17͔. As mentioned previously, the viscosity measured at low shear rates will be useful in assessing the suspension stability. With respect to this, at a low shear rate of 0.001 s −1 , the highest viscosity was recorded for sample P2, followed by P1 and P3, as shown in Fig. 3 . The high viscosity measured for sample P1 could be due to the strong interaction between tin/silver particles with the flux medium as opposed to the tin/copper/silver system formulation in sample P2. From the result, sample P1 showed a good stability at low shear rates, which could indicate the particles and flux medium will not separate. In addition, the high viscosity will give the paste a good cohesive behavior and prevent slumping during and after the printing process. In contrast to P1 and P2, the viscosity measured for sample P3 was the lowest. These results are in line to that reported by Durairaj et al. ͓1͔ . The low viscosity attributed o sample P3 could be merely due the poor interface wetting of the epoxy resin and the silver flake. In addition, the irregular shapes of the silver flakes could have decreased the flocculation in the systems, hence reducing the overall viscosity of the conductive adhesives ͓4,5,7,11͔.
The experimental viscosity data was fitted to the power law and Cross model, as shown in Fig. 5 . For all samples, the Cross model showed a better fit compared to the power law model. Despite the fact that both the model was designed to evaluate the shear-thinning behavior of suspensions, the results indicate otherwise. There could be two possible explanations: First, the shear rate investigated may to wide and fall beyond the range of the power law model. The second reason could be attributed to the presence of three regions: First, Newtonian region; second, shear-thinning region; and third, Newtonian region, which is easily captured by the Cross model. The results from the experiment seem to correlate well with previous studies ͓4͔ and also prove that the pastes ͑solder paste and ICAs͒ show the three regions when the samples are sheared from the low to high shear rates. Hence for a wider shear rates, the Cross model provides a better experimental fit compared to the power law model.
A further analysis was carried on the fitted data, as shown in Tables 3 and 4 . The power law and the Cross model used to quantify the viscosity/shear rate profile for the shear-thinning solder pastes and fit to the experimental data. In a power law model, as the power index, n, lies between zero and one, 0 Ͻ n Ͻ 1, this indicates that the viscosity of the sample being tested was exhibiting shear-thinning behavior ͓5,21,22͔. Based on Table 3 , the n values of P1, P2, and P3 samples were 0.409 23, 0.161 09, and 0.353 70, respectively. Since the n values lie between zero and one, the viscosities of all three samples were experiencing shear-thinning behavior. In a Cross model equation, the rate constant, m, is a measure of the degree of dependence of viscosity on shear rate in the shear-thinning region ͓20͔. When m = 0, this indicates Newtonian behavior. While m Ͼ 0, this means that the viscosity decreases with increasing shear rate, ␥ . Based on Table 4 , the rate constant, m, values of all three type of pastes were more than zero, which indicated shear-thinning behavior ͑P1 = 0.699 67, P2 = 0.873 12, P3 = 0.583 89͒.
The correlation coefficient, R 2 , showed the relationship between the viscosity and the shear rate. R 2 is measure of how well the data correlated. The closer it is to one, the closely correlated the data is ͓26͔. Based on Tables 3 and 4 , the correlation ratios, R 2 , of the Cross model for all three pastes were higher than that of the power law model. While P3 showed the highest R 2 value, 0.993 29, while P1 and P3 showed 0.981 87 and 0.975 03, respectively. The R 2 values of all three pastes were said to be almost perfect linear relationship between viscosities and shear rates because the R 2 value is ϳ1. Often, the magnitudes of the consistency and the flow behavior indexes of a solder pastes depend on the specific shear rates range being used so that when comparing the properties of different solder pastes, an attempt should be made to determine them over a specific range of shear rates. From the point of view of approximation of the obtained results, the power law model is good; however the Cross model can describe the results more precisely. This follows from the facts that the Cross model provides more information on rheological properties of a suspension in a wide range of shear rates. As mentioned earlier, the power law model does not describe the low shear and high shear rates constantviscosity data of shear-thinning fluids. Of these reasons, the power law model does not fit well to the experimental data as the Cross model did. Figure 6 shows the hysteresis loop for all three paste samples. The samples were constantly subjected to high shear rate, 100 s −1 , with time and recover to their initial shear rate, 0.001 s −1 . The overall time interval was 240 s. The effect of increasing shear rate on the viscosity for the paste samples was being investigated. The drop in viscosities for all three samples clearly indicates that the pastes are shear thinning in nature and the structure of the pastes was undergoing changes due to the destruction of flocculations in the suspensions ͓14͔. All three samples show a hysteresis area for which an area between the up and down curves is observed. The region between the up curve and down curves in the hysteresis curve is an indication of the thixotropic behavior of the pastes. Therefore, all three samples studied are thixotropic suspensions. The enclosed area within the curves indicates the extent of the structural breakdown in the sample for the applied shear.
Thixotropic Behavior of Pastes
The plot of the effect of the shear rate on the viscosity is presented in Fig. 6͑a͒ for P1 pastes. As expected, the viscosity of the pastes drops with increasing shear rate, which indicates shear-thinning behavior of the pastes. The area between the down curve and up curve indicates that the P1 paste is thixotropic in nature, which have been confirmed in previous studies on solder pastes ͓15,16͔. P1 paste shows the highest degree of thixotropy because of the high hysteresis area among all three pastes. The large area within the hysteresis loop in the P1 paste indicates that the sample undergone a large structural breakdown. P1 paste is said to have the weakest structural bonding, which easily is being broken down by increasing shear rate. The stronger attraction between the particles in P2 paste leads to a good recovery after the shear rate is removed and P2 is said to have a strong thixotropic behavior. While for P3 paste, the particle size ranges from 8 to 10 m, which is smaller than P1 and P2 pastes, where the particle size is around 20-45 m. These smaller particles of P3 paste tend to fill up the spaces between the flocs and form stronger bond. Therefore, P3 paste, which consisted of smallest particle size, is said to be strongly thixotropic.
Based on Fig. 6͑b͒ and 6͑c͒, the viscosities of P2 and P3 pastes drop with increasing shear rates, which is consistent with that of the P1 paste and shows that the pastes exhibit shear-thinning behavior. For the P2 paste, the downward curve crosses the ascending curve, the cross over point being situated at 0.01 s −1 . On this downward path, the viscosity increase at low shear rate indicates that a network structure is able to be rebuilt when the shear rate goes under a critical value ͓17͔. The smallest hysteresis loop area ͑P2 paste͒ corresponds to a thixotropic state for which the inter-particle bonds would be strong enough to favour a quick rearrangement of the structure. This could be attributed to the strong interaction of the small Sn particles. Figure 6͑c͒ shows superposed upward and downward curves at high shear rates for P3 paste. This could just as well correspond to an extremely thixotropic material, capable of rebuilding its structure almost instantaneously ͓17͔. To support this justification, a steady shear rate test was carried out. From the steady shear rate test, sample P2 recorded the highest viscosity ͑94000 Pa.s͒ at zero shear rate followed by P1 ͑14 400 Pa.s͒ and P3 ͑13 100 Pa.s͒. In the middle interval, which high shear rate is applied, P3 is observed to undergo the largest structural breakdown followed by P2 and P1. As stated earlier, P3 has the lowest viscosity at zero shear rate; this suggests that P3 has less resistance to flow compared to sample P1 and P2. Therefore, P3 paste has the largest structural breakdown when high shear rate is subjected. Although P3 showed the largest structural breakdown, its rapid structural build up interpreted that P3 is a strongly thixotropic paste material.
Conclusion
In this study, the viscosities of several commercial solder pastes ͑lead-free and ICA paste͒ are examined to find the effect of shear rate on the viscosity and to establish the correlation between paste viscosity and stencil printing process. Furthermore, the power law and the Cross model used to quantify the viscosity/ shear rate profile for the shear-thinning solder pastes and fit to the experimental data. From the experi- mental results, as the shear rates increased, the viscosities of the three pastes ͑solder pastes and ICA͒ decreased ͑shear thinning͒. In addition, the lead-free solder pastes exhibited the highest viscosity at low shear rates, which indicates that the dispersion of the paste is the more stable ICA paste. In a stencil printing process, a paste of too high viscosity needs more energy to force the paste through the aperture and leads to poor surface wetting. The statistical data show that the Cross model fits well to the experimental data than the power law model because it provides information in a wider range of shear rates. The presence of an area between the down curve and up curve shows that the paste materials are thixotropic in nature. The findings from the study show that a smaller particle size leads to a large surface area and better inter-particle attraction. The structural breakdown and recovery of the pastes are important parameters that can be used in the development of new formulation of solder pastes and ICAs.
